Summary. Light and electron microscopic examination of the muscle coat of the mouse oviduct reveals differences in various regions concerning both the architectural pattern and cytological features of the smooth muscle cells. A network with large meshes made up of thin smooth muscle cells with unusual features, characterizes the infundibulum and upper ampulla. In the lower ampulla and isthmus these cells gradually stratify into two distinct muscle layers and acquire the typical characteristics of smooth muscle cells. In the uterotubal junction, the smooth muscle cells show a structure quite similar to that of myometrial cells. Exclusively at this level do cells of the circular layer form a ring at the opening of the oviduct into the uterine cavity. Independent of their location in one or the other region, the oviductal smooth muscle cells undergo striking changes during the estrous cycle. A substantial increase in organelle content, an enlargement in the extent of the contact area and the occurrence of myoblasts characterize proestrous and estrous. During metestrous all these features regress, until a picture typical of diestrous is reestablished. The peculiar structure of smooth muscle cells and their different arrangement in the upper oviductal region with respect to that in the lower one are in keeping with zonal differences in contractility of the oviductal wall and together with the striking cytological changes occurring during the estrous cycle, indicate their active involvement in reproductive processes.
In mice, as in many other mammals, the oviduct can be divided into three regions (REINIUS, 1970) , designated as the infundibulum, ampulla and isthmus. Anatomical sphincters have also been described in two transitional regions, i.e., the ampullary-isthmic and utero-tubal junctions of several species (HUNTER, 1988) . In mice, however, only the presence of a physiological sphincter, whose anatomical counterpart has not yet been ascertained, has been reported at the level of the ampullary-isthmic junction (WHITNEY and BURDICK,1936; BURDICK et al., 1937) .
Although the features and behaviour of the oviductal mucosa are well known, little information is available on the ultrastructure of the oviductal smooth muscle cells and their possible different arrangements in the muscle coat of the various tubal regions. It has been reported that this muscle coat has peculiar motile properties (HARPER, 1961) which differ according to region (BOLING and BLANDAU, 1971; HAFEZ, 1973; SAMUELSON and SJOSTRAND, 1986) . The occurrence of mechanisms controlling the opening and closing of junctional sphincters has also been hypothesized (ZAMBONI,1972) .
It has long been stated that the mouse oviductal mucosa undergoes both morphological and functional changes during the estrous cycle (ALLEN, 1922; FE -KETE, 1941; see HAFEz,1973 for review of the literature), which can be related to fluctuations in the plasma levels of the ovarian hormones (TURNER and BAGNARA,1974) . Also, the tubal motility has recently be reported to undergo cyclic changes, controlled by plasma levels of the sex steroid hormones (SAMUEL-SON and SJOSTRAND, 1986) . However, the occurrence of possible structural changes of the oviductal smooth muscle cells during the estrous cycle, as clearly shown in myometrial muscle cells (Ross and KLEBANOFF, 1967; KELLY and VERHAGE, 1985) , has not been investigated. This paper deals with the structure of the muscle coat of the mouse oviduct during the phases of the estrous cycle in order to provide further insight into its role in reproductive processes. Figs. 4-7. Diestrous. Fig. 4 . Infundibulum. Thin, elongated cells with slender cytoplasmic processes are separated by large amounts of loose connective tissue. x4,250. Fig. 5 . Detail of the cytoplasm of the smooth muscle cells of the infundibulum. Caveolae, smooth endoplasmic reticulum and filaments are located at the cell periphery. A discontinuous basal lamina is also present. X25,000. Fig. 6 . Upper ampulla. Thin, extremely irregular-shaped smooth muscle cells are immersed in an abundant connective tissue and interconnected by the apposition of their plasma membranes (arrows). X 12,000. Fig. 7 . Lower ampulla. Thin, regular-shaped smooth muscle cells, some circularly oriented (CL) and some longitudinally oriented (LL), can be seen. The connective tissue is abundant and contains collagen fibers. Blocks of a basal lamina-like material are randomly distributed around the smooth muscle cells. X 25,000 Legends on the the opposite page.
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and eosin or PAS-hematoxylin. For electron microscopy, fragments of the controlateral oviducts were removed and fixed in 4% glutaraldehyde in 0.1 cacodylate buffer, pH 7.4, postfixed in 0.1% 0504 in phosphate buffer, pH 7.4, dehydrated in graded acetone series and embedded in Epon 812. Semithin sections, obtained with a LKB Nova Ultratome, were stained with toluidine blue-Na tetraborate. Ultrathin sections, obtained with a sapphire knife, were stained with uranyl-acetate and alkaline bismuth subnitrate (RIvA,1974) and examined under a Siemens Elmiskop lA electron microscope at 80 kV.
RESULTS

Light microscopy
The mouse oviduct is as a tightly coiled tendril, connected with the ovarian capsule. It distally enters the upper portion of the homolateral uterine horn. The infundibulum did not show any well-distinct muscle coat (Fig. l) because, although thin, elongated cells were present in its wall, the muscular nature of these cells was not obvious with light microscopy.
On the other hand, the ampulla showed a distinct muscle coat, whose thickness gradually increased from the upper to the lower ampulla. Only the smooth muscle cells of the lower ampulla appeared to be arranged in two interlacing layers, the inner one with cells mainly oriented circularly, and the outer one with cells mainly oriented longitudinally.
The isthmus possessed a muscle coat thicker than that of the upper oviductal zones and was composed of two definite layers (Fig. 2) . No peculiar arrangements of smooth muscle cells or sphincteric structures could be detected at the ampullary-isthmic junction, the thickening of the oviductal muscle wall and the stratification of its smooth muscle cells into two definite layers being gradual throughout the length of both the ampullary and isthmic regions.
At the utero-tubal junction, the longitudinal muscle layer was continuous with the corresponding myometrial layer, and the circular layer entered the myometrial circular one forming a ring around the opening of the oviduct into the uterine cavity (Fig. 3) .
Electron microscopy Ultrastructural differences of the oviductal muscle coat have been found during the estrous cycle.
Diestrous
The wall of the infundibulum showed that thin, elongated cells were interconnected by slender cytoplasmic processes and formed a network with large meshes filled with connective tissue (Fig. 4) . These cells contained small bundles of myofilaments, some cisternae of the smooth endoplasmic reticulum (SER) aligned beneath the plasma membrane, scattered caveolae and a discontinuous basal lamina (Fig. 5) . These ultrastructural characteristics led us ascribe them a muscular nature.
In the ampulla, similar irregularly shaped cells are present (Fig. 6 ). These became richer and richer in myofilament bundles as they approached towards the isthmus (Fig. 7) .
In the isthmus, the cells of both muscle layers were still separated by large amounts of connective tissue (Fig. 8 ), but their morphology was now similar to that generally described elsewhere for "typical" smooth muscle cells.
At the ampullary-isthmic junction no peculiarities regarding the morphology or arrangement of smooth muscle cells could be found which might be related to a sphincteric structure, although throughout this region the smooth muscle cells gradually acquired the features of "typical" smooth muscle cells and their definite orientation.
At the utero-tubal junction the arrangement and morphology of the smooth muscle cells of the longitudinal and circular layers were similar to the corresponding myometrial ones. Moreover, as in myometrial smooth muscle cells, dense-cored vesicles, 5 nm in diameter, were present in the cytoplasm, mainly located at the cell periphery (Fig. 9) . The connective framework was thinner than in the upper oviduct regions, and the smooth muscle cells formed closely packed bundles.
In every region of the oviduct the smooth muscle cells were interconnected by appositions of their plasma membrane (Figs. 6, 8, 9 ) and intermediate junctions (Fig. 9) . Gap junctions were never found.
Figs. 8 and 9. Diestrous. Fig. 8 Moreover, all oviductal smooth muscle cells were characteristically rich in primary lysosomes (0.5-0.8 nm in diameter) and multivesicular bodies (Figs. 8, 9 ). The basal lamina was discontinuous throughout.
Proestrous
As compared with diestrous, during proestrous, the oviductal wall underwent structural changes which were of similar type throughout the tubal regions. The smooth muscle cells appeared richer in myofilament content, dense bodies and dense bands. The nuclei showed dispersed chromatin and large nucleoli (Fig. 10) . The Golgi apparatus occupied a wider area and free ribosomes and the cisternae of rough endoplasmic reticulum (RER) were located in both the perinuclear and peripheral cytoplasm (Figs. 10, 11) . The dense-cored vesicles were scattered throughout the cytoplasm and present in the smooth muscle cells of all the oviductal regions (Fig. 10) . The connective tissue between the smooth muscle cells appeared electron-lucent (Figs. 10, 11 ). The basal lamina disappeared, apart from thick remnants (Fig. 11) connecting adjacent cells. In all the oviductal regions, cells with the features of the differentiating smooth muscle cells (myoblasts) could also be recognized (Figs. 12,13) , with a large Golgi apparatus, clustered cisternae of rough endoplasmic reticulum in the perinuclear region, and a few bundles of myofilaments, some caveolae and SER cisternae at the cell periphery.
Estrous
The cytological modifications of smooth muscle cells observed in proestrous became even more striking (Figs. 14-17) . The rise in extent of both organelles and contractile apparatus caused a marked hypertrophy of the cells, compared with the diestrous one. The cisternae of smooth endoplasmic reticulum and caveolae were found all along the plasma membranes also in the upper regions of the oviduct (Figs. 14,15) , and the mitochondria often formed clusters (Fig. 17) . The dense-cored vesicles were still present throughout the oviductal regions (Fig. 16) . The contact areas between the smooth muscle cells appeared extensive enough to form labyrinthic interlockings (Figs. 14-17). As in proestrous, only remnants of the basal lamina were still present which, like bridges, connected adjacent cells (Fig. 15) . The connective framework had large meshes in all the oviductal regions, and was extremely electron-lucent and almost devoid of collagen fibers (Figs. 14-17 ). Myoblasts were no longer observed. Metestrous A few smooth muscle cells maintained the features observed in the estrous, whereas most of them showed features typical of diestrous (Fig. 18) . Characteristically, smooth muscle cells contained lysosomes and myelin-like bodies. The dense-cored vesicles had markedly disappeared, especially in the cells of the upper oviduct. The intercellular spaces, compared with the other phases, were reduced and filled with collagen fibers (Fig. 18 ).
Nerve fibers supplying the smooth muscle cells were occasionally found all along the oviductal wall, albeit they were observed mostly in the isthmus. The largest nerve bundles contained up to 12 axons. The nerve endings were located close to the smooth muscle cells (Figs. 18,19) , sometimes fitted in a deep groove of the smooth muscle cell with a gap of only 20 nm devoid of basal lamina (Fig. 20) . The synaptic vesicles were of two types, often mixed in the same axon: the first type was small agranular, the second type showed unusual features. In fact, these vesicles were round-shaped (50-80 nm in diameter), and contained another small vesicle, of about 20-30 nm in diameter, with a moderately electron-dense content . No modifications of the nerve endings could be detected during the estrous cycle.
DISCUSSION
The present findings indicate that differences occur in the cytology and arrangement of the smooth muscle cells in the various regions of the mouse oviduct, which can be related to differences in the contractile
Figs. 10-13. Proestrous. activity. Indeed, it has been reported in other mammalian species that motile behaviour changes when comparing the upper and the lower tubal regions (BOLING and BLANDAU, 1971; HAFEZ, 1973) . A similar structural pattern as in the mouse oviduct has been found in the human male reproductive (BAUMGARTEN et al., 1971 ) and urinary (Rizzo et al.,1981; DIxON and GOSLING, 1982) tracts, in which the upper regions, with small smooth muscle cells unusually poor in organelles and myofilaments and arranged into a cellular network, have been demonstrated to undergo spontaneous, rhythmic contractions, while the lower regions, with larger, spindle-shaped smooth muscle cells rich in myofilament-like typical smooth muscle cells-and arranged into two definite layers, circular and longitudinal, possess vigorous and massive contractions.
Hence, it is conceivable that a similar contractile behaviour also characterizes the mouse tubal muscle coat. In such a view, the relative paucity of nerve endings in the juxtaovarian regions and their relative frequency in the lower ones, as has also been found in other species (BRUNDING, 1965; OWMAN and SJOBERG,1966; OWMAN et al., 1967) agrees well with the above proposed regional differences in the contractile behaviour.
Our ultrastructural findings also revealed that the smooth muscle cells placed at the utero-tubal junction closely resemble those of myometrium in their cytological features, including the presence of cytoplasmic dense-cored vesicles quite similar to those previously described in the rat myometrial cells (KwAN et al., 1986) . Moreover, the annular thickening of the circular muscle layer in this region strongly suggests the presence of a sphincteric structure which, in contrast, can be excluded at the ampullaryisthmic region on the basis of the light and electron microscopic features.
Comparison of oviductal smooth muscle coat morphology in the phases of the estrous cycle reveals that recurrent changes occur parallel to the cyclic modifications of the epithelial lining (HAFEZ, 1973; HUNTER, 1988) . Despite the fact that the mouse is a species with short reproductive cycles (four-five days) and without a clear-cut alternation of estrogenic and progestinic phases, it is conceivable that the cyclic modifications observed can be related to a regular succession of a period (about 45 h)-including proestrous and estrous-in which estrogens predominate, and another period (about 75 h)-comprising metestrous and diestrous-in which a weak progesterone secretion is associated with a progressive drop in estrogens (TURNER and BAGNARA, 1974) . In fact, starting from proestrous, which can be considered the phase in which the estrogenic stimulus initiates, a progressive hypertrophy of the smooth muscle cells can be observed, which culminates in estrous when estrogenic influences attain a maximum degree. Indeed, many of the morphological changes observed in this period are quite similar to those reported previously in myometrial cells during the estrogenic phase (ROSS and KLEBANOFF, 1967, KELLY and VER-HAGE, 1985) , and following estrogen administration (Bo et al., 1969; SANBORN, 1987) .
Moreover, the occurrence of myoblasts in proestrous suggests that a de novo differentiation of smooth muscle cells possibly occurs also causing a smooth muscle hyperplasia, as occurs in the endometrio-myometrial junction of the adult human uterus during the luteal phase and early pregnancy (FUJII et al., 1989) .
Furthermore, the aspect of the contact areas between the smooth muscle cells-considered the sites facilitating the contractile wave propagation-during the estrogenic phase suggests an increase in their extent, and the presence of the dense-cored vesicles in the whole oviductal muscle coat-which probably contain a calcium-dependent substance (LEE et al., 1984) -favour the likelihood of a numerical increase for them in the oviduct, as has been reported for the myometrium of parturient rats (KwAN et al., 1986) .
These data, therefore, suggest that both these structures may play a role in enhancing the tubal contractile activity. This interpretation is in agreement with the reported stimulatory effects of estrogen on the motility of the oviductal musculature (HAFEZ, 1973; SAMUELSON and SJOSTRAND,1986) . The features of the connective tissue matrix, i.e., the abundant electron-lucent ground substance with
Figs. 14-17. Estrous.
Figs. 14 and 15. Upper ampulla. Smooth muscle cells are rich in smooth endoplasmic reticulum and caveolae. Figs. 19 and 20. Innervation. Fig. 19 . A nerve fiber (N) is seen containing many axons, three of which are without the glial covering on the side facing a smooth muscle cell. These nerve endings lie about 130 nm distant (arrows) from the smooth muscle cell. x 24,000. Fig. 20 . A nerve ending (N) is perfectly fitted into a groove of a smooth muscle cell, with a gap of 20 nm devoid of basal lamina. x 25,000 inconspicuous collagen fibers, is in keeping with enhanced blood-tissue exchanges. In metestrous, the changes observed during the estrogenic phase gradually regress, until features typical of the diestrous are reestablished.
It is conceivable that the lysosomes present in the smooth muscle cells during this period are related to autolytic processes leading to the destruction of organelles and myofilaments which are no longer necessary. The reduction in the amount of connective tissue among the smooth muscle cells, with a parallel increase of its collagen fiber content, is in agreement with a decrease in the blood-tissue exchanges.
It has also been reported that the motility of both ampullary-isthmic and utero-tubal junctions undergoes cyclic changes and that, in mice, estrogens (WHITNEY and BURDICK, 1936; BURDICK et al., 1937) and progesterone (GREENWALD, 1961; HARPER, 1964 HARPER, , 1965 cause marked variation of muscle coat contractility at the ampullary-isthmic junction. However, during the estrous cycle no differences have been found in cell structure and arrangement between junctional and other oviductal regions.
In conclusion, the present study provides evidence that the smooth muscle cells of the oviductal muscle coat have a peculiar structure and arrangement which differ greatly between the upper and lower regions. Our findings also demonstrate that the muscle coat undergoes cyclic changes in response to hormonal fluctuations, suggesting an important tubal active role in reproductive processes.
